The transcriptional repressor Blimp-1 is a labile protein. This characteristic is key for determining pupation timing because the timing of the disappearance of Blimp-1 affects pupation timing by regulating the expression of its target βftz-f1. However, the molecular mechanisms that regulate the protein turnover of Blimp-1 are still unclear.
| INTRODUC TI ON
Developmental timing in organisms can be adapted to environmental changes such as nutrition and temperature, but this timing is well controlled, and many developmental events occur after a specific period following another event. However, the molecular mechanisms that measure a specific period of time are not well understood. During the development of fruit fly Drosophila melanogaster, a drastic change from the larval shape to the pupal shape occurs at the end of the larval stage, known as puparium formation. Subsequently, pupation occurs approximately 11 hr after puparium formation (APF) in standard rearing condition at 25°C (Riddiford, 1993) . This means that they have a system to determine pupation timing. Insect ecdysteroid hormone plays an important role in these transitions. Recently we showed that two ecdysoneinducible transcription factors, Blimp-1 (Agawa et al., 2007) and βFTZ-F1 (Sun, Hirose, & Ueda, 1994; Ueda, Sonoda, Brown, Scott, & Wu, 1990) , play a crucial role in the determination of pupation timing (Akagi et al., 2016) . According to these analyses, the first trigger of these events is an increase in 20-hydroxyecdysone (20E) level at the end of the larval period, which induces puparium formation and Blimp-1 expression. After 2 or 3 hr of puparium formation, the 20E level decreases. Correspondingly, the production of Blimp-1 stops because of the termination of Blimp-1 mRNA production and rapid degradation of the mRNA (Akagi & Ueda, 2011) .
Moreover, Blimp-1 protein is unstable; therefore, the expressed Blimp-1 disappears rapidly (Agawa et al., 2007) . Blimp-1 functions as a repressor of βftz-f1, which encodes a transcriptional activator (Agawa et al., 2007) . Thus, βFTZ-F1 is induced after Blimp-1 disappearance at around 6 hr APF and activates shade, which encodes an ecdysone to 20E conversion enzyme, ecdysone-20-monooxygenase, in the fat body. Hence, pupation timing is determined by a biological timer in the fat body, comprising Blimp-1, βFTZ-F1, and Shade (Akagi et al., 2016) , although it has been thought that pupation timing is determined by the secretion timing of ecdysone from the prothoracic gland just before pupation (Thummel, 1996) . Furthermore, induction of a delay in pupation timing by ectopic Blimp-1 expression or knockdown of βftz-f1 induced not only a delay in pupation but also caused developmental arrest before pupation (Akagi et al., 2016) , indicating the importance of this system for determining pupation timing.
Proteasomes are found within the cytoplasm and nucleus of all eukaryotic cells and function to degrade normal, shortlived and mutated or damaged intracellular proteins that have been modified with polyubiquitin chains (Arnim, 2001; Navon & Ciechanover, 2009; Ulrich, 2002; Zwickl, Seemuller, Kapelari, & Baumeister, 2001) . The 26S proteasome is a multi-subunit complex, consisting of a multi-catalytic core subunit (20S) and two regulatory caps (19S) on each side of the barrel-shaped core (Bedford, Paine, Sheppard, Mayer, & Roelofs, 2010; Wojcik & DeMartino, 2003) . The 20S proteasome is composed of 14 different subunits arranged in four stacked, seven-membered rings (7α, 7β, 7β, 7α) that form the barrel-shaped complex (Groll et al., 1997; Unno et al., 2002a,b) . For eukaryotic proteasomes, each subunit of the complex is encoded by a unique gene, and most of these genes are essential for both proteasome activity and survival of the organism (Ghislain, Udvardy, & Mann, 1993; Gordon, McGurk, Dillon, Rosen, & Hastie, 1993; Rubin, Glickman, Larsen, Dhruvakumar, & Finley, 1998; Saville & Belote, 1993; Smyth & Belote, 1999) .
Targeting and processing substrates of the 26S proteasome require a covalent linkage to ubiquitin, a process that is controlled by a three-step enzymatic cascade comprising an E1 (ubiquitinactivating) enzyme, an E2 (ubiquitin-conjugating) enzyme, and an E3 ubiquitin ligase (Hershko & Ciechanover, 1998) . In the E3-ligase complex SCF (SKP1-CUL1-F box), F-box proteins function as substrate-recognition components to ensure target specificity to the ubiquitin proteasome system (UPS) (Skaar, Pagan, & Pagano, 2013) . One of the highly conserved F-box proteins is FBXO11 (Duan et al., 2012) . Mammalian FBXO11 is linked to developmental alterations, including facial clefting and otitis media (HardistyHughes et al., 2006) . In C. elegans, DRE-1, an FBXO11 homolog, has been shown to regulate the larval-to-adult transition in the epidermis (Fielenbach et al., 2007) . Of note, Blmp-1, C. elegans Blimp-1, has been identified as a suppressor of the dre-1 mutant, which displays heterochronic phenotypes. Furthermore, Blmp-1 degradation is regulated by the SCF DRE-1 complex via proteasomedependent degradation, and it is conserved in humans (Horn et al., 2014) , suggesting that Drosophila Blimp-1 may be degraded by the same system that contributes to the correct time determination for pupation.
To understand the degradation mechanism of Drosophila Blimp-1 and its contribution to the time measuring system for pupation, we examined whether a reduction in the expression levels of FBXO11 and proteasome subunits affect Blimp-1 stability and pupation timing. Here, we found that the 26S proteasome plays an important role in the determination of pupation timing, as well as a conserved role of FBXO11 for substrate recognition of Blimp-1.
| MATERIAL S AND ME THODS

| Fly culture and stocks
Flies were raised at 25°C on 10% glucose, 8% cornmeal, 4% yeast were outcrossed at least seven times into the control yw background.
| Measurement of the prepupal period
Newly formed white prepupae were collected every 30 min and transferred to a plastic Petri dish kept at 25°C and 80%-90% relative humidity, and pupation timing was observed. The KolmogorovSmirnov test (KS-test) was used to evaluate differences in pupation timing between test and control animals and to determine p-values.
| Western blotting
White prepupae of the hs-Blimp-1 line carrying a heat shockpromoter, Blimp-1 cDNA and FLAG tag sequence fusion gene (Agawa et al., 2007) were collected at 0 hr APF, heat shocked at 37°C for 1 hr, then homogenized at various time points in a 1.5 ml microtube containing 50 μl of 1× Laemmli sample buffer, chilled immediately in liquid nitrogen and kept at −80°C until use. At each time point, two independent samples of a single animal were used, and western blotting analysis was performed as described previously (Sultan, Oish, & Ueda, 2014) . The efficiency of protein transfer and equal loading of protein were confirmed by staining with Ponceau-S after transfer to the membrane. M2 (FLAG tag) antibody (Sigma, USA) was used at a 1:2,000 dilution, and goat anti-mouse IgG HRP (Cayman, USA) at a 1:5,000 dilution was used to detect FLAG-tagged Blimp-1.
| MG132 treatment
To block proteasomal activity, white prepupae of the hs-Blimp-1 line were collected at 0 hr APF, heat shocked for 1 hr at 37°C, the pupal case was peeled off in Grace insect cell culture medium (GIBCO), and the whole-body organs were untightened. Organs with heat shockinduced Blimp-1 were then cultured in Grace insect cell culture medium with shaking at 25°C with or without 10 μM MG132 (Cayman, USA), which is a 26S proteasome-specific inhibitor, dissolved in DMSO, for the indicated periods. 0.1% DMSO was used as the vehicle control. Culture tubes including the treated organs were centrifuged for 5 min at 2400 g, the medium was removed carefully, and the organs were then homogenized and processed for western blotting against FLAG-tagged Blimp-1, as described before.
| RE SULTS
| Blimp-1 is degraded in a 26S proteasomedependent manner
To examine whether Drosophila Blimp-1 is degraded by the proteasome, we examined whether the degradation speed of Blimp-1 was affected by the proteasome inhibitor MG132. FLAG-tagged
Blimp-1 was induced using the hs-Blimp-1 transgenic fly line under the control of heat shock at 0 hr APF. Organs from Blimp-1-induced prepupae were cultured in the presence or absence of MG132 for various periods, and the degradation of Blimp-1 was detected by western blotting. Blimp-1 was clearly detectable until at least 4 hr after heat shock when organs were cultured in the presence of MG132, in contrast to almost complete disappearance after 2 hr in controls ( Figure 1 ). This result suggests that Blimp-1 is degraded by the proteasome.
Next, we analyzed the pupation timing in mutants of 26S proteasome subunit components, because retardation in Blimp-1 degradation showed a delay in pupation timing (Akagi et al., 2016) . Pupation timing was significantly delayed in heterozygous mutants of 20S
proteolytic core subunits compared with that in control animals; pupation was 0.3 hr slower on average in mutants of α2, one of the structural subunits (Figure 2a) , and of β3 (Figure 2b ) or β6 (Figure 2c ), which are endopeptidase active subunits. Taken together, these results suggest that Blimp-1 is degraded by the 26S proteasome in the UPS, and that proteasome functionality at these stages is required for the accurate completion of the developmental program.
| FBXO11 contributes to Blimp-1 degradation as an E3-ligase
The results on the role of UPS in the degradation of Drosophila Blimp-1 led us to investigate whether Blimp-1 is recruited to the 26S proteasome by the same conserved E3-ligase FBXO11 as identified previously in C. elegans and human (Horn et al., 2014) . To examine this possibility, we examined the pupation timing in several hypomorphic loss-of-function mutations in FBXO11. Heterozygous FBXO11 mutants FBXO11 NP2786 (Figure 3a ) and FBXO11 GS10050 (Figure 3b) showed significant delays in pupation timing by 0.6 and 0.4 hr, respectively. Of note, the homozygous viable mutant FBXO11 EY09314 ( Figure 3c ) showed an obvious dose-dependent delay by 0.5 hr compared with 0.3 hr in heterozygotes. These results suggest that the degradation speed of Blimp-1 was slowed down in FBXO11 mutants, and FBXO11 acts as an E3 ligase for Blimp-1 recognition to the SCF FBXO11 complex.
| Degradation speed of Blimp-1 is affected by proteasome subunit and FBXO11 gene doses
To confirm that the degradation speed of Blimp-1 is dependent on the expression level of proteasome subunits or FBXO11, we examined the degradation speed of Blimp-1 in these mutant backgrounds.
F I G U R E 1 Blimp-1 degradation requires the proteasome system. FLAG-tagged Blimp-1 was induced by 1 hr heat shock at 0 hr APF in hs-Blimp-1 prepupae and then their organs were cultured for the indicated period in the presence or absence of 10 μM MG132. The expression level of Blimp-1 before and after organ culture was detected by western blotting using anti-FLAGtag antibody. Two independent samples of a single animal were used for each time point. Upper panel (−); the vehicle control (0.1% DMSO) samples. Lower panel (+); MG132-treated samples. Nonheat shock (Non hs) samples were neither cultured nor treated F I G U R E 2 26S proteasome mutants exhibited a delay in pupation timing. Heterozygous mutants of 26S proteasome subunits and control (yw) animals were cultured at 25°C, and pupation timing was observed every 30 min. The KolmogorovSmirnov test was used to evaluate the differences between pupation timing and to determine p values. Prosα2 G8948 line (a) was used for the α subunit mutant, Prosβ3 G4206 (b) and Prosβ6 1 (c) were used for β subunit mutants. Av: average of pupation timing; n: number of animals examined
We induced FLAG-tagged Blimp-1 from the hs-Blimp-1 transgene at 0 hr APF, and degradation speed of Blimp-1 was observed by western blotting. In the control animals, Blimp-1 was clearly detected until 2 hr after heat shock. In contrast, in the heterozygous mutant of both subunits of the 26S proteasome and FBXO11, Blimp-1 was detected clearly until 2.5 and 3 hr after heat shock (Figure 4 ). This result further supports the idea that Blimp-1 is degraded by the 26S proteasome, and this process is mediated by FBXO11 as the E3 ubiquitin ligase.
| Pupation delay in FBXO11 mutant is caused by the identified timer system
We have shown that prolonged Blimp-1 expression causes a delay in pupation timing due to the delayed expression of βFTZ-F1 (Agawa et al., 2007; Akagi et al., 2016) . To investigate whether the delayed pupation timing in FBXO11 mutant animals is caused by altered βFTZ-F1 expression, we examined whether temporal induction of βFTZ-F1 at the endogenous expression timing is sufficient to rescue the delay in pupation timing in an FBXO11 mutant. βFTZ-F1 was induced from the hs-βFTZ-F1 transgene (Murata, Kageyama, Hirose, & Ueda, 1996) by heat shock in a heterozygous FBXO11 NP2786 mutant, and pupation timing was observed. Although a difference in pupation timing was not observed whether or not animals carried the hs-βFTZ-F1 gene without heat shock in a FBXO11 heterozygous mutant (Figure 5a ), advancement of pupation timing was observed by the induction of βFTZ-F1 at 7 hr APF, which is the time when endogenous βFTZ-F1 is expressed (Figure 5b ). This result means that delayed pupation in the FBXO11 mutant was advanced by the induction of βFTZ-F1, and thus it is clear that delaying effect from the FBXO11 mutation is caused by affecting the timer system to determine pupation timing.
| The proteasome system in the fat body affects pupation timing
Because we have identified that the timer system for pupation timing is located in the fat body (Akagi et al., 2016) , we knocked down proteasome subunit genes in the fat body using fat body-specific GAL4 drivers. Pupation timing was obviously delayed by 0.8 and 0.6 hr upon knockdown of β6 subunit gene using Cg-GAL4 compared with GAL4 and UAS control lines, respectively (Figure 6a ). Furthermore, a slightly shorter, but still significant, delay in pupation timing was observed when either β6 (Figure 6b ) or α4 (Figure 6c ) subunit genes were knocked down using a ppl-GAL4 driver. These results indicate F I G U R E 3 FBXO11 contributes to the correct determination of pupation timing. FBXO11 mutants and control (yw) animals were cultured at 25°C, and pupation timing was observed every 30 min. The Kolmogorov-Smirnov test was used to evaluate differences between pupation timing and to determine p values. Heterozygous lines FBXO11 NP2786 (a), FBXO11 GS10050 (b), and homozygous line FBXO11 EY09314 (c) were used. Av: average of pupation timing; n:
number of animals examined F I G U R E 4 Blimp-1 stability increases in mutants of proteasome subunits and FBXO11. FLAG-tagged Blimp-1 was induced by 1 hr heat shock at 0 hr APF in heterozygotes between hs-Blimp-1 and mutants of proteasome subunits or FBXO11 and was detected at the indicated time by western blotting using anti-FLAG-tag antibody. Two independent samples of a single animal were used for each time point
Rescue of pupation timing delay in FBXO11 mutant by induction of βFTZ-F1. Pupation timing of FBXO11 mutant animals with/without hs-βFTZ-F1 transgene was observed every 30 min. Non-heat shocked (a) and heat shocked (b) animals. Heat shock was given at 34°C for 1 hr at 7 hr APF. The KolmogorovSmirnov test was used to evaluate differences in pupation timing between test and control animals and to determine p-values. Av: average of pupation timing; n: number of animals examined that the observed delay in pupation is caused by affecting the proteasome system in the fat body.
| D ISCUSS I ON
Here, we showed that Drosophila Blimp-1 is degraded by the 26S proteasome system and is recruited by FBXO11 as the substraterecognition component of the SCF complex. Furthermore, we
showed the importance of proteasome activity in the fat body to determine pupation timing. Our results are correlated with previously described results that the biological timer system for pupation is located in the fat body (Akagi et al., 2016) .
We observed a delay in pupation timing in all of the examined heterozygous mutants of 26S proteasome components. These results suggest gene dosage effects due to loss-of-function mutations of these 26S proteasome components. In addition, a heterozygous mutant of recruiter FBXO11 also exhibited the same level of delay in pupation timing. These results indicate that the expression level of these components is an important factor to determine pupation timing; therefore, pupation timing can be controlled by the expression level of these components. Thus, we assume that the UPS contributes to determine pupation timing as one of the components in the biological timer during the early prepupal period. Of note, a sudden increase in the concentration of the 26S proteasome at 0 to 4 hr APF has been reported (Szlanka et al., 2003) , suggesting the importance of protein degradation in developmental control. Furthermore, RNA-Seq data in the modENCODE developmental transcriptome of D. melanogaster (Graveley et al., 2011) showed that the expression of the FBXO11 increases gradually from the 3 rd instar larval stage (L3) to a moderately high level at pupation and then starts to decrease again 24 hr later. These developmental changes may allow control of the degradation speed of specific targets, including Blimp-1, among many UPS target proteins that must be degraded at appropriate time points.
We have shown that both the Blimp-1 and βftz-f1 are induced by 20E and are temporally expressed in almost all organs (Akagi et al., 2016; Yamada et al., 2000) , but the identified target genes are still limited in number. βFTZ-F1 has multiple functions in each organ during the mid to late prepupal period. For instance, βFTZ-F1 regulates two pupal cuticle genes that are expressed in slightly different parts of the epidermis (Kawasaki, Hirose, & Ueda, 2002; Murata et al., 1996) , and it also regulates a protease that is expressed in the fat body and contributes to its morphological change (Bond et al., 2011) . Furthermore, the expression of βFTZ-F1 in the inka cells is essential for releasing the ecdysis-triggering hormone ETH, which induces pupation in the late prepupal period, and also βFTZ-F1 expression in muscles is necessary to determine the timing of muscle apoptosis during metamorphosis (Fortier, Vasa, & Woodard, 2003; Zirin et al., 2013) . Moreover, βFTZ-F1 is a master regulator of late prepupal gene expression, which is essential for histolysis of the salivary gland cells during the early pupal period (Broadus, McCabe, Endrizzi, Thummel, & Woodard, 1999; Yamada et al., 2000) . In addition, the expression timing of βFTZ-F1 is not completely the same among different organs (unpublished results). In a large transcriptional profiling platform, involving 29 dissected tissues from larval, pupal, and adult stages of Drosophila (Brown et al., 2014) , FBXO11
appeared to be expressed in many tissues and/or during development with specific upregulation in the fat body from L3 up to pupation. We deduce that the expression levels of the 26S proteasome and FBXO11 may differ depending on tissue and contribute to the determination of timing of tissue-specific developmental events through control of the degradation speed of Blimp-1.
F I G U R E 6
The fat body is responsible for the control of pupation timing by proteasome activity. Pupation timing was observed every 30 min in animals with knockdown of 20S components β6 (a, b) and α4 (c) in the fat body. The KolmogorovSmirnov test was used to evaluate differences between pupation timing and to determine p-values versus the RNAi/+ (a, b, c), CgGal4/+ (a) or ppl-Gal4/+ (b, c) as controls. Av: average of pupation timing; n: number of animals examined
In C. elegans, Blmp-1 was previously identified using RNAi-based suppressor screening to suppress dre-1 heterochronic phenotypes (Horn et al., 2014) . A dre-1 mutant showed retarded migration of the gonad, whereas a Blmp-1 mutant showed precocious gonadal migration during L2 to L3 larva and was able to suppress the retarded phenotype of dre-1. In addition, precocious fusion and differentiation of epidermal stem cells, called seam cells, was partially suppressed by the Blmp-1 mutant in C. elegans. Moreover, similar genetic interactions were observed between DRE-1 and Blmp-1 for dauer formation (Horn et al., 2014) . These observations suggest a conserved role of Blimp-1 degradation for the determination of developmental timing across taxa.
